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Abstract 
In this work the influence of unsteady slug flow on the dynamic response of flexible 
risers is analysed using a computational tool consisting of one program for prediction of 
slug flow development, and another program for calculation of dynamic response of 
the riser. Both programs apply a time integration method, and since slug flow leads to 
dynamic response of the riser, and riser dynamics influences slug flow behaviour, the 
two codes exchange feedback of information during the integration process. Information 
exchange is established by building a computer federation of programs based on High 
Level Architecture (HLA). The federation is composed of two standalone in-house 
computer codes. The first one is a two-phase flow code which simulates unsteady slug 
flow through pipes and risers using a Lagrangian tracking model. The second one is a 
program for static and dynamic global riser analysis based on a two dimensional non-
linear finite element formulation. Using the HLA rules, a communication interface was 
built,  so  the  two  programs  are  able  to  perform  synchronized  time  integration  with  
mutual feedback of information for each time step. 
The slug flow – riser dynamics interaction is a complex problem. The riser response 
depends on the slug flow behaviour, and the slug flow development is influenced by the 
riser configuration. Displacement response of the riser and the influence of them on the 
slug flow development have been studied for different flexible riser configurations 
carrying different liquid and gas flow rates. Results have shown the importance of using 
complete mathematical models for each phenomena and the importance of a strong 
interface of communication in order to predict a realistic behaviour of the slug flow - 
riser dynamics interaction. Analysis on the influence of the slug flow on the effective 
tension and bending moment of a flexible riser was studied showing increment of axial 
and bending stresses. Moreover, the simulations have demonstrated the importance to 
use a full non-linear finite element model for the riser dynamics, because the riser 
response influence strongly on the slug flow behaviour. Finally, the numerical results 
were validated against experimental data showing a reasonable agreement. 
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1. Introduction 
Flexible  risers  are  widely  used  for  offshore  oil  and  gas  production.  New  
petroleum reservoirs are being discovered in deeper water, requiring the construction of 
longer risers. Thus, this type of riser is becoming more vulnerable under environmental 
loads. The environmental loads can come from currents, waves and phenomena such as 
vortex-induced vibration (VIV). In addition to the environmental loads, flexible risers 
can also suffer loads from marine operations such as offset and vessel motion. The 
effects of these loads on the riser structure and methods to mitigate the damage have 
been thoroughly studied for years. However, another important load, which comes from 
a phenomenon called slug flow, suffers from a lack of information and investigation. 
Slug flow is a transient two-phase flow pattern that can be generated inside the 
flexible riser during oil – gas production due to hydrodynamic instabilities generated at 
the border of the gas and liquid phase or by liquid accumulation at the deepest point of 
the flexible riser. The more common slug flow patterns which appear during an oil and 
gas production are hydrodynamic slugging and severe slugging. 
Slug flow is characterized as a random and dynamic phenomenon where liquid 
plugs (slugs) interspersed with gas bubbles travel through the flexible riser. These 
generated slugs and bubbles have different sizes and velocities, which can also change 
as they travel through the flexible riser. This unsteady behavior of the slug flow imposes 
dynamic forces on the riser structure. These forces are mainly due to the variable mass 
distribution of the liquid and gas phases, which will generate a variable distribution of 
gravitational forces. As the riser is located inside the sea, these variable gravitational 
forces are represented by a variable change in the effective weight. Additionally, the 
changes in velocity direction of the slugs and bubbles in the bends of the riser produce a 
centripetal acceleration. This acceleration imposed on the fluid particles generates 
centripetal force, so the riser wall reacts to this force as a centrifugal force. The whole 
flexible riser acts against these forces (forces from the slug flow) increasing the wall 
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tension and bending moment, originating additional axial and bending stresses in the 
riser structure. 
The development of slug flow is highly influenced by the flexible riser 
geometrical configuration where it is flowing. The physical characteristics of this two-
phase flow, i.e., velocity, pressure, shape and density, come from the mass, momentum 
and energy fluid balance. Thus, time variation on the riser shape means change in the 
fluid momentum balance due to the change in position of the fluid mass inside the riser. 
This change in the internal fluid gravitational forces will influence the velocity and 
internal pressure of the two-phase flow, originating a new two-phase flow mass 
distribution along the riser. 
The slug flow – flexible riser problem is categorized as a fluid-structure 
interaction (FSI) phenomenon. The two-phase flow imposes loads on the riser structure, 
and the response of the riser influences the development of the slug flow. The slug flow 
and riser dynamics is characterized as a complex and sensitive phenomenon. 
Mathematically, the slug flow is modeled by the fluid conservation equations, and in 
turn, the riser dynamics is ruled by the dynamic equilibrium equation. The equations of 
these models are characterized for being high non-linear differential equations. 
Two alternatives are available to numerically simulate this fluid-structure 
interaction. The first is to create a monolithic computer program to implement the 
mathematical model of each phenomenon. The overall complexity, however, would 
become high, and further development of the program would need a close cooperation 
between the slug flow and the riser dynamics groups. 
Alternatively, the mathematical model of each phenomenon could be 
implemented into independent, stand-alone programs, one to simulate the slug flow 
development  and  another  to  simulate  the  riser  dynamics.  By  keeping  the  programs  
apart, each program might be developed independently This methodology allows the 
easier implementation of complex mathematical models and facilitates its later 
improvement, as the updating of one computer program would not influence the other 
one as long as the data flow between the programs remains unchanged. A key point in 
this methodology is the mutual feedback of information, which requires the programs to 
work concurrently and exchanging information along the time domain. This last 
alternative has been used in the development of this work. Thus, two in-house computer 
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programs have been connected by a communication interface. One program simulates 
the slug flow development, and the other predicts the riser dynamics. The variables that 
travel  from  one  program  to  the  other  follow  a  series  of  rules  defined  by  the  
communication interface. 
This thesis is outlined as follows. First, the current state of the art based on 
previous investigation will be discussed, with highlights and commentary on its 
achievements. Next, the scope of this work will be described. An integrated analysis 
methodology has been developed to construct the communication interface between the 
two  computer  programs.  In  chapter  4  the  theory  on  the  two-phase  flow  and  the  slug  
flow pattern will be explained, together with a description of the mathematical model 
used to simulate this two-phase flow pattern numerically. Chapter 5 will address the 
validation of the riser dynamics code used for this thesis against recognized commercial 
software. Next, the communication methodology used to build the communication 
interface will be described in its own chapter. Then, key test cases regarding riser 
dynamics induced by slug flow are presented and the results analyzed. These cases are 
as follows: 
1. Analysis of the effective tension variation due to a transient two-phase flow. 
2. Analysis of linear and non-linear formulations of coupled systems. 
3. Validation of the numerical approach against a laboratory-scale model. 
Finally, the conclusions produced by this work and suggestions for further works are 
presented. 
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2. State of the Art 
Despite the importance of analyzing the response of flexible risers originated by 
slug flow, only a few significant works have been found in the scientific literature. 
One of the pioneer investigations on vibrations generated by unsteady two-phase 
flow was  performed by  Yih  and  Griffith  [1].  Unsteady  components  of  the  momentum 
flux in a two-phase flow were measured by a beam-tee system. The effects of the 
average flow velocity, volumetric quality, system pressure, flow channel size and 
geometry on the unsteady momentum fluxes were observed. It was found that the 
fluctuation of momentum fluxes is important only in the low frequency range. The 
maximum values of unsteady momentum fluxes appeared in either the high void slug 
flow or the low annular flow regime. 
A numerical study of a “plug” slug flow traveling through a hose in a catenary 
shape was conducted by Fylling et al. [2]. The “plug” slug travels along the riser with 
constant velocity and length. The dynamic equilibrium equation was solved considering 
the mass distribution, gravity and centripetal force generated by the travelling slug. 
However, the model did not consider the influence of the hose response on the slug 
development. In addition, slug “plug” travel with constant speed and length can be 
considered unrealistic or too conservative. 
A general mathematical model involving flow and riser response was developed 
by Patel and Seyed [3]. Their numerical investigation in a flexible pipe showed a large 
variation in axial tension, so additional stress generated by the slug flow was predicted. 
However, in that work the slug flow was considered as a steady state flow, which is 
unrealistic. The loads against the riser came from the slug flow momentum, and a 
mixture flow density with sinusoidal variation was also assumed. In addition, the 
influence of the riser response on the slug flow behavior was not considered. 
A series of measurements were performed by Riverin et al. [4]. These authors 
analyzed the effect of fluctuating two-phase air-water mixture forces on bends and tees. 
The work proposes correlations that relate the characteristics of the forces to the piping 
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geometry configuration and the two-phase flow parameters. Additionally, using a 
momentum flow balance, correlations regarding the two-phase flow void fraction and 
the magnitude of the forces were derived. Even when the two-phase flow patterns 
presented in the experiment were churn and bubbly, the correlations considering a slug 
flow were obtained. 
An experimental investigation of the dynamic motion of a flexible riser 
considering an internal slug flow was conducted by Valdivia et al. [5]. A laboratory 
scale model was built based on a steel catenary riser prototype. Riser displacements and 
top tensions were recorded, and a numerical comparison was performed. A numerical 
model based in the work of Patel and Seyed [3] (steady state and sinusoidal slug density 
variation) was implemented in a global riser dynamic program. The validation showed 
that the simulation predicted periodic deformations and smaller top tension of the riser. 
An analysis of experimental measurements was performed by Gama et al. [6]. 
Accelerations of pipe responses at the bends due to a travelling two-phase flow along L 
and U pipe configurations were recorded. The results indicated that the RMS values of 
the accelerations have a quadratic trend regarding the two-phase flow mixture velocity 
for different volume fractions. 
Vibrations induced in a jumper due to an unsteady two-phase flow were 
numerically investigated by Pontaza and Menon [7]. This approach treated the question 
only as a flow induced-vibration problem. The dominant frequencies associated with its 
natural mode of vibration were determined. However, this analysis is uncoupled. The 
flow simulation is performed first, and then the time history forces are calculated and 
transferred  to  a  finite  element  model  for  the  structural  response  analysis.  A  3D  CFD  
model  was  used  for  the  two-phase  flow analysis,  and  a  beam model  was  used  for  the  
structural analysis. The 3D models are also limited to short span risers. 
Measurements and video recordings of the response of a flexible plastic hose 
undergoing severe slugging were performed by Ita [8]. Air and water with different flow 
rates were supplied through a catenary and lazy wave configurations in a laboratory 
scale facility. The videos show the deformation of the hose due to the liquid 
accumulation at the deepest zone, followed by the reformation of the hose configuration 
from the blow-out. 
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A series of measurements of riser vibrations induced by severe slugging was 
reported by Pessanha and et al. [9]. To reproduce the severe slugging phenomenon on a 
laboratory scale, a piping configuration consisting of leaning, horizontal and vertical 
pipes were set up. Time series responses of the accelerations of the leaning pipe are 
reported for different pressure discharges and pump rotations during blow-out and for 
liquid accumulation in the deepest region. The work reports that the highest vibrations 
generated for severe slugging are during the blow-out. 
Currently, sophisticated software programs for global riser analysis (GRA) are 
available for the oil and gas industry. Most commercial software programs have a 
module for riser response by slug flow. The model implemented in these is similar to 
the model of Fylling et al. [2]. Similarly, programs that simulate multiphase flow are 
also available in the commercial market. However, these last programs are oriented to 
oil and gas production and flow assurance, with no relationship to riser dynamics. 
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3. Scope of work 
The  purpose  of  this  work  is  to  develop  a  system  for  coupled  analysis  of  slug  
flow and riser dynamics by constructing a system for communication between stand-
alone programs for slug flow and riser dynamics. 
To create the system of systems, it was necessary to conduct a study of the set of 
equations  to  be  sure  that  the  mathematical  models  of  the  riser  dynamics  and  the  two-
phase flow can represent dynamic flow through pipes with dynamic response. 
Figure 1 shows a fluid particle flowing through a curved pipe segment. The 
change in flow direction means that a fluid particle will have an acceleration 
perpendicular to its flow direction, Larsen [10]. This acceleration requires a centripetal 
force Fn in the same direction, but the pipe will be subject to a resultant force in the 
opposite direction. This resultant force must be counteracted by an increase in the wall 
tension, a key result from this type of simulation. 
For the case of slug flow, it is necessary to consider the contribution from each 
flow phase, i.e., liquid and gas, see Equation (1) and (2). 
2
; ;
l g k k k
k
n n n n k c c
uF F F F M
R
a a     (1) 
 
;l g k kW W W W M g    (2) 
In these two equations Fn represents the normal equivalent force or centripetal force, 
and ac stands for the centripetal acceleration. M, u and W are the mass, velocity and 
weight of the particle, respectively, R represents the radius of curvature, and g is the 
gravitational acceleration. Finally, the suffix k refers to the liquid l and gas g phases. 
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Figure 1. Fluid particle travelling along a pipe segment 
3.1 Update of The Riser Dynamics Model 
To simulate the riser dynamic response,  an in-house code was used. This code 
considers forces from waves, buoyancy, top tension, riser weight and internal one/two-
phase flow. This program can conduct a stepwise numerical integration of a riser 
subjected to these types of external forces. 
Following the finite element formulation, the domain is discretized into 
elements, each considered as a two-dimensional beam with six degrees of freedom 
(beam column element). 
A fully non-linear finite element formulation of the DEQ was used in which 
bending and geometric stiffness from tension are considered. The incremental 
formulation of the dynamic equilibrium equation for a discretized structure using a non-
linear finite element method can be expressed by Equation (3), Paz [11]. 
*
1k k k
e i
I k I k I k k kM r C r K r F F'  '  '    (3) 
where k refers to the time step. The parameters , andr r r' ' '  correspond to unknown
increments in accelerations, velocities and displacements, respectively. MI represents 
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the global structural incremental mass matrix (the average value within a time 
increment). The current mass matrix M* accounts for the structural mass, the added 
mass of the surrounding water and the variable internal liquid and gas masses, see 
Equation (4). 
*
pipe added l gM M M M M     (4) 
Similarly, CI stands for the global structural incremental damping matrix. A 
Rayleigh damping model is applied. The global structural incremental stiffness matrix 
KI handles large displacements and rotations with small axial strains. 
Fe* represents the time-varying external forces, and Equation (5) shows its 
vectorial formulation. 
   * l ge e l c g cF M a g M a gF     ¦ & & & & &&  (5) 
In this relationship, external environmental and operational loads are represented 
by Fe. Contributions from the internal slug flow are represented by the centripetal 
force Mk ack and by the gravity force Mk g. 
Finally, Fi stands for the internal forces, namely, elastic, damping and inertial. 
3.2 The Effective Tension and Effective Weight 
The effective tension that affects the geometric stiffness is represented by Equation 
(6), confer Sparks [12]: 
e w e e i i l l g gT T P A PA mu m u       (6) 
where Tw is the true tension (axial stress resultant), and Pe and Pi represent the external 
and internal pressure, respectively. Similarly, Ae and Ai represent the external and 
internal cross-sectional areas of the riser, respectively, and g landm m  are  the  gas  and  
liquid mass flow rates, respectively. The direct relationship of the two-phase flow 
momentum to the effective tension is clear. 
Scope of work 
 
10 
 
An additional important parameter to be considered is the effective weight: see 
Equation (7). 
e dry pipe l gW W W W B     (7) 
The first three terms on the right side of the relation represent the weight of the dry pipe 
and weights of the liquid and the gas phases, respectively. The last term represents the 
buoyancy: see Equation (8). 
gDB woU
S 2
4
  (8) 
In this equation, Do represents the external diameter and ȡw is the sea density. The slug 
flow has an important influence on this parameter due to the transient distribution of the 
liquid and gas mass flow rate along the riser. The transient distribution of the liquid and 
gas masses are not considered in the mass matrix for the linear model, but only as 
variable gravity forces. 
3.3 Update of The Two-Phase Flow Model 
The fluid momentum equation is given in Equation (9) only as an illustration. 
For details regarding this equation, please refer to Chapter 4. 
 
(9) 
When working with the dynamic response of pipes, the change in pipe inclination 
affects two terms of the fluid momentum equation. The first is represented by 
,cos D lk
h
M g
x
M ww  
(10) 
which corresponds to the hydrostatic contribution induced by level gradients. The 
second is the gravity contribution shown in Equation (11): 
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sinkM g M  (11) 
The  sign  of  this  term  depends  on  whether  it  works  against  or  in  favor  of  the  flow  
movements. 
As two numerical methods are used in this work, finite element (FEM) and finite 
volume (FVM), it is necessary to have a procedure to transfer information between the 
fixed mesh distribution (finite elements) and the dynamic mesh distribution (slug 
tracking model – finite volume), see Figure 2. 
 
Figure 2. Management of the dynamic and constant mesh distributions 
This transfer is accomplished by using a weighted average for the information to be 
shared. In the case of the liquid holdup, it is as follows: 
 
(12) 
3.4 Communication Interface 
A communication interface was built to couple the riser dynamics code and the 
slug flow program using High Level Architecture (HLA). The HLA is a series of rules 
(open standard IEEE 1516) for distributed simulation systems [13],[14],[15]. It enables 
the reuse of existing software for new purposes. Computer programs written in different 
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programming languages can be coupled using this methodology, even if they work 
under  different  operating  systems.  In  HLA,  several  simulation  units,  called  federates, 
are combined to create one large simulation system, called federation. The federation of 
this work is depicted in Figure 3. 
In this federation, the riser dynamics program and slug flow code work as 
federates. The riser dynamics program calculates the riser configuration for each time 
step, for which purpose it must receive the distribution of masses and velocities of each 
phase  along  the  riser.  On  the  other  side,  the  slug  flow  program  predicts  these  
distributions for the liquid and gas phases and receives the geometrical configuration of 
the riser to perform these calculations. Thus, each program is the feedback of the other. 
All information flows through and is managed by the Run-Time Infrastructure (RTI), 
which works as an operating system [16]. An RTI from Pitch Technology [17] was used 
for the communication interface. The HLA allows the use of pre-built programing 
routines written in C++ for communication. These routines were adapted and linked to 
each program (federate). These routines work as ambassadors (HLA terminology). The 
RTI ambassador is  used when a federate needs to talk with the RTI,  and the federate 
ambassador is used when the RTI needs to talk with the federate. 
 
Figure 3. The constructed HLA federation 
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4. The Slug Flow 
This  chapter  briefly  describes  the  physical  model  of  the  transient  slug  flow  
program. A complete description of this program can be found in the work of Kjølaas 
[18]. The two-phase flow program is capable of simulating real life scenarios related to 
slug flow in two-phase flow oil and gas pipeline systems. 
Slug flow is a flow pattern commonly encountered in multiphase oil and gas 
pipelines in hilly terrain. The characteristic feature of slug flow is the intermittent 
presence of liquid slugs and large gas bubbles. The length scales of slugs and bubbles 
can vary from a few pipe diameters to pipeline system lengths. Slugs may consist 
entirely of liquid or may contain entrained gas in the form of dispersed bubbles. 
Slug flow makes up of slugs and bubbles with random lengths and velocities are 
called hydrodynamic slugging.  That  type  of  slug  flow  is  generated  mainly  due  to  
hydrodynamic instabilities at interface liquid and gas. Severe slugging is another type of 
slug flow. It is generated by liquid accumulation at the deepest point of riser. The severe 
slugging is characterized to have a cyclical behavior: slug formation, slug production, 
blowout, and liquid fall back. 
For the numerical implementation, the flow domain is divided into slug regions 
and stratified flow regions using an adaptive grid. The scheme is a hybrid model based 
on combining a transient 1D two-fluid model (TFM) with a slug tracking model. The 
approach is based on an adaptive grid so that slug flow may be simulated without 
excessive grid refinement. A finite volume method (FVM) with a staggered grid is used, 
defining phase velocities at the cell faces, while other parameters are defined midway 
between the cell faces. The equations are linearized with respect to the unknown 
variables to obtain implicit time integration. The solution can thus be found efficiently 
using direct Gauss-elimination. 
The 1D domain is defined by a list of consecutive pipes, each pipe having a 
specific length, inclination angle, diameter, and wall roughness. The numerical grid is 
defined by a list of sections of varying types (bubbles and slugs) and lengths along the 
riser. Bubble sections are sections that contain both gas and liquid, while slug sections 
contain only liquid (Figure 4). 
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Figure 4. Riser geometry showing pipes, slug and bubble sections. 
The physical model is based on the 1D two-fluid conservation equations. A 
finite volume method is used, and the equations are integrated in space and converted to 
the discretized form. The equations are solved in two steps. First, the momentum and 
pressure equations are solved simultaneously, allowing the phase velocities and 
pressures to be computed. Finally, the mass equations are solved, and then the phase 
masses are updated. 
In the discretized equations, spatial indices are denoted by j in lower and upper 
case. For two-phase regions, a staggered grid is employed, defining velocities at cell 
faces (bubble section faces) using the subscript j. Scalar properties, such as pressure, 
density and phase fraction, are stored at bubble section centres defined using the 
subscript J. For slug regions, an integral procedure is used, so the subscript j defines the 
centres of slug sections, and the subscript J denotes the moving boundaries of slugs, see 
(Figure 5).  Stratified regions are shown on the left,  and slug regions are shown on the 
right. Solid lines indicate section borders, and dashed lines indicate section centres. 
 
Figure 5. Regions and index notation in the dynamic grid 
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In  1D  fluid  flow  modelling,  closure  relations  are  needed  to  account  for  the  
friction in the system. In the case of two-phase flow, there are three types of friction: 
gas-wall friction, liquid-wall friction and the interfacial friction between the gas and the 
liquid. In the flow code, frictional shear stress is expressed using the Darcy friction 
factor definition: 
1
8
u uW OU  (13) 
Here, Ĳ is the shear stress, Ȝ is the friction factor, ȡ is the phase density, and u is the 
phase velocity. The Haaland friction factor is applied for the shear stress between the 
fluids and the wall: 
1.11
,
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(14) 
Here, Rek is the Reynolds number for phase k, İ is the wall surface roughness, and Dh,k is 
the hydraulic diameter. 
For the gas and liquid phases, the hydraulic diameters Dh,k are defined, respectively, as 
follows: 
2 2
, ,;h g h l
g i l
D DD D
S S S
S S    
(15) 
where D is the pipe diameter, Sg and Sl are the gas and liquid wetted perimeters, 
respectively, and Si is the width of the liquid interface. 
The interfacial shear stress Ĳi is modeled in much the same way as the wall shear stress: 
 1
8i gw g g l g l
IFM u u u uW O U    (16) 
Here, IFM is the interfacial friction multiplier and is user defined. The default value for 
this parameter is 1, which is considered appropriate in the case of a smooth gas-liquid 
interface. 
The fluid properties can be supplied as constant values, and an ideal equation of 
state for the gas phase is used to calculate the gas density. The pressure equation is 
resolved at cell centres and is obtained from the mass conservation equations and the 
equations of state for the two phases: 
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(17) 
The variation of temperature over time in this work is neglected, assuming an 
isothermal system. 
The momentum equation is resolved at the cell faces in the stratified flow 
regions and between the slug borders for slug regions. The integrated momentum 
equation for phase k is shown here: 
 
(18) 
The pressure terms are eliminated using the discretized form of the pressure equation, 
Equation (17), yielding an equation containing only phase velocities as unknown 
variables. 
The mass equation, Equation (19), is evaluated at the cell centers. 
 (19) 
After resolving all the equations, the phase fractions are computed by dividing 
the specific masses by the densities (found using the associated equation of state). The 
sum of the phase fractions in a cell generally does not equal unity: 
,,
, ,
1g Jl J
l J g J
mm
U U z  
(20) 
This inequality reflects the fact that there is a discrepancy between the fluid 
densities (found using the state equation for the gas phase) and the fluid specific masses 
(found using the mass equations). The problem is resolved by adding the source term in 
the pressure equation, Equation (21), for the following time step: 
,,
,
, ,
1g Jl JJs J
l J g J
mmAL
t
\ U U
§ ·
  ¨ ¸¨ ¸' © ¹  
(21) 
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This  term  ensures  that  mass  is  conserved  over  time,  and  that  the  sum  of  the  phase  
fractions remains close to unity. 
There are two main mechanisms that cause slug formation: liquid accumulation 
at low points and hydrodynamic instabilities. Both mechanisms can be captured in a 
regular 1D two-fluid model, provided that the grid is sufficiently refined. 
For  the  slug  regions,  the  velocity  of  the  liquid  is  computed  from  an  integral  
momentum balance for the mixture, Equation (18), called the mixture equation. For the 
gas velocity, a slip relationship is used: see Equation (22). 
 g d l ou S u Q   (22) 
In  this  work,  the  distribution  slip  ratio  Sd is  set  to  unity  and  the  averaged  drift  
velocity Ȟo to  zero,  which  defines  the  no-slip  condition.  Another  assumption  in  this  
work is that no gas entrainment occurs in a slug; thus, holdup equal to unity is assumed 
in the slug regions. As the slug travels along a pipe, it absorbs the liquid at its front and 
sheds the liquid at its tail. Thus, the front and tail velocities of a slug are not equal to the 
liquid velocity. The slug tail or bubble nose velocity is determined using the empirical 
propagation velocity utail, defined as follows: 
tail o l ou C u U   (23) 
where Co captures the velocity profile effects, and Uo is the drift velocity in stagnant 
liquid. For the slug front velocity ufront, a mass balance across this front is valid: 
, ,slug l slug bubble l bubble
front
slug bubble
H u H u
u
H H
   
(24) 
In this expression, the subscripts slug and bubble refer to the neighboring slug and 
bubble regions where this mass balance is defined. 
 
 
 
18 
 
5. Riser Dynamics 
The global riser dynamics response was simulated using in-house code based on a 
full non-linear finite element method (FEM). Arbitrary riser configurations can be set in 
this program using a static non-linear FEM procedure. Then, dynamic time domain 
forces and moments can also be imposed on the riser model, and DEQ can be solved by 
stepwise numerical integration. The program models the riser by a series of two-
dimensional beam column elements with six degrees of freedom. Effective tensions and 
bending moments are updated based on the non-linear geometrical stiffness. The 
effective weight is updated by the internal mass flow distribution. The program also 
considers drag forces from waves as well as inertia and added mass due to the 
surrounding sea. 
The incremental formulation of the dynamic equilibrium equation for a discretized 
riser structure using a non-linear FEM can be expressed by Equation (3), Paz [11], 
repeated here for illustration. 
*
1k k k
e i
I k I k I k k kM r C r K r F F'  '  '     (25) 
where k refers to the time step. The parameters , andr r r' ' '  correspond to unknown 
increments in accelerations, velocities and displacements, respectively. MI represents 
the global structural incremental mass matrix (average value within a time increment). 
This matrix comes from a local consistent mass matrix with different axial and lateral 
distributed mass (added mass). The local mass matrix is shown in Equation (26). 
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(26) 
Where ȡ0 is the dry element mass, ȡa is the hydrodynamic mass in axial direction, ȡl is 
the hydrodynamic mass in lateral direction, and l is the element length. This symmetric 
matrix is updated with the mass of the slug flow during the time domain simulation, see 
Equation (4). 
Similarly, CI stands for the global structural incremental damping matrix. A 
Rayleigh damping model is applied: see Equation (27). 
0 1k k kI I I
C M KD D   (27) 
In this expression, Į0 and Į1 represent the proportional damping coefficients. The global 
structural incremental stiffness matrix KI is calculated based in a tangent stiffness, 
which can handle large displacements and rotations with small axial strains according to 
the corotational formulation, Crisfield [19], see Equation (28). 
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(28) 
Here, kt is the local variationally consistent tangent stiffness matrix. N is the axial force 
in the element. M1 and M2 are the local end moments of the element. lc is the current 
element length. ȕ is the current angle of the co-rotating frame with respect to the global 
coordinate system. E is the axial modulus of elasticity, A is the cross section area, and I 
is the moment of inertia. 
Finally, in Equation (25), Fe* represents the time-varying external forces, see 
Equation (5). Fi stands for the internal forces, which is the sum of elastic, damping and 
inertia forces: 
Di S IF F F F   (29) 
The global riser dynamics program performs iterations at each time step to ensure 
consistency between the forces and structural response at each finite element node. The 
Newmark method for stepwise integration is employed for the incremental solution 
procedure, Paz [11]. Into this algorithm the force balance iteration is implemented as 
follow: 
1. Approximate displacement, velocity and acceleration response based in the last 
displacement increment (¨rk). 
2. Update increment mass (MIk), stiffness (KIk) and damping (CIk) matrixes. 
3. Calculate internal elastic (FSk+1), damping (FDk+1) and inertia (FIk+1) forces. 
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4. Calculate the effective residual forces (¨Fk). 
5. Calculate the correction of the displacement increment (¨). 
6. Correct the last displacement increment (¨rk*). 
7. Verify convergence. If convergence is not achieved go to step 1. 
8. Calculate displacement, velocity and acceleration response for time k+1 based in 
balanced displacement increment (¨rk*). 
To  verify  the  reliability  of  the  riser  dynamics  code  used  in  the  work,  a  series  of  
numerical validations have been performed between results from the riser dynamics in-
house code and recognized commercial software. The commercial software used for this 
validation is Flexcom. 
The static configuration of a catenary riser has been calculated using non-linear 
finite  element  analysis  (Figure  6).  The  riser  of  770  m  length  is  submerged  into  a  sea  
with a main water level (MWL) of 300 m. To set this configuration, a horizontal force 
of 400 kN was applied at the top of the riser, and an effective weight of 0.58 kN/m was 
distributed along it. The external diameter of the riser is 400 mm with a thickness of 20 
mm. For the axial and bending modulus of elasticity, a value of 206000 MPa was 
assumed. One hundred elements were used for the discretization. The boundary 
conditions at each end of the riser are fixed with respect to translation but free to rotate. 
Figure 7 shows the effective tension distribution, and Figure 8 shows the static bending 
moment. The results from the riser dynamics code exhibit excellent agreement with the 
result from the commercial software. 
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Figure 6. Static configuration. 
 
Figure 7. Static effective tension. 
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Figure 8. Static bending moment. 
Continuing with the validation of the riser dynamics in-house code, a transient 
arbitrary load is applied at the middle of the riser. The load grows linearly from zero to 
a maximum value during 10 s, after which the load disappears (Figure 9). The direction 
of the load is vertical to MWL (Figure 10). 
 
Figure 9. Arbitrary ramp load. 
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Figure 10. Node of application of ramp load. 
The response considers the surrounding water with hydrodynamic coefficients of 
Cd = 1 (drag coefficient normal and tangential), Ca = 1 (added mass coefficient normal 
and tangential) and Cm = 2 (inertial mass coefficient). 
The results show horizontal and vertical deformations of node 50 from its static 
configuration. One of the objectives of the validations is to demonstrate that the in-
house code can capture the non-linearity of the response. 
A first test is conducted by applying a maximum load of 1000 kN. Figure 11 and 
Figure 12 show the results of the horizontal and vertical deformations, respectively. The 
results come from the in-house code and from the commercial software using its non-
linear model. Large displacements are presented. The agreement between the two 
programs is excellent. 
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Figure 11. Horizontal deformation, non-linear models, 1000 kN. 
 
Figure 12. Vertical deformation, non-linear models, 1000 kN. 
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The same experiment was executed again, this time using the linear model of the 
commercial software. Figure 13 and Figure 14 show the results. It should be noted that 
the commercial software was not able to manage the large deformations due to the use 
of its linear model. 
 
Figure 13. Horizontal deformation, non-linear vs. linear model, 1000 kN. 
To generate small deformations, the same experiment was executed again, but 
with a maximum load of 100 kN. Figure 15 and Figure 16 show the results. Excellent 
agreement is observed between the two programs, each using its non-linear model. 
Riser Dynamics 
 
27 
 
 
Figure 14. Vertical deformation, non-linear vs. linear model, 1000 kN. 
 
Figure 15. Horizontal deformation, non-linear models, 100 kN. 
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Figure 16. Vertical deformation, non-linear models, 100 kN. 
In the final test conducted, the commercial software uses its linear model. Figure 
17 and Figure 18 show the horizontal and vertical deformations. A good agreement 
between the two programs was found, as for small deformations the non-linear and 
linear models are closed. 
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Figure 17. Horizontal deformation, non-linear vs. linear model, 100 kN. 
 
Figure 18. Vertical deformation, non-linear vs. linear model, 100 kN. 
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6. HLA Communication 
Throughout the development of this work, the principles of re-use, 
interoperability, and distributed simulation have been followed. Re-use [20] stands for 
the re-use of existing software. The riser dynamics code is a program written in Fortran 
using non-fashioned modular programming. In this work, the riser dynamics program is 
working together with a fashioned object oriented program written in C++. This last 
program is the slug flow code. Interoperability [21] means that different systems created 
for distinct purposes are able to work together properly into a combined and consistent 
manner to achieve common objective. Thus, the riser dynamics program has been 
implemented to simulate the dynamic of flexible risers, and the slug flow code has been 
developed to simulate transient slug flow. One of the objectives of this work is to study 
the influence of slug pattern on the response of slender structures. Finally, distributed 
simulation [22] refers to the synchronized execution of different simulators installed in 
separate computers, even with distinct technology and even located in different 
geographic areas, using a network connection. The riser dynamics code and the slug 
flow code work as stand-alone simulators, and in many tests, they are operated using 
their own hardware resources (different computers linked by the internet). 
The communication interface built to couple the riser dynamics code and the 
slug flow program was developed following the High Level Architecture (HLA) 
methodology, which is explained on the standard IEEE 1516 for distributed simulation 
systems [13], [14] and [15]. The main reason for using HLA for communication 
between the slug flow and the riser dynamics programs is that they are based on 
different programming language and data structure. They are also developed in different 
research groups, and might be modified independently. By keeping them separate, 
further developments may take place independently as long as the communication 
between the programs remains unchanged. It  will  also make it  possible to apply other 
programs for riser dynamics or slug flow by introducing the communication part only. 
High Level Architecture promotes the re-use and interoperability of distributed 
simulations. According to HLA terminology, the programs or simulation units are called 
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federates. They are combined to create one large simulation system, called a federation. 
The  simulators  (federates)  are  considered  to  be  HLA  compliant,  which  means  they  
follow the HLA rules, interface specification and object model template. 
The  HLA rules  [13]  define  how a  federate and its family (federation) operate. 
These rules bind federates to HLA as the only methodology to exchange information. 
Meanwhile, the HLA interface specification [14] links a simulator to other simulators in 
the federation. It is a document that describes services that federates need to call to send 
or receive information. The interface specification makes each simulation be 
interoperable. Its instantiated program is called Run-Time Infrastructure (RTI). As each 
federate can be developed using different technologies and conventions, all necessary 
information that each federate needs to publish and/or subscribe are described in the 
object model template format (OMT) [15] using a universal language that each federate 
in the federation can understand. 
The HLA provides two main prebuilt classes (object-oriented programming 
terminology, OOP) that contain the necessary services [14] to establish communication 
between federates and the RTI.  Thus,  when a federate needs to communicate with the 
RTI (Call), it invokes methods contained in a class named RTI Ambassador. Similarly, 
when the RTI needs to talk with a federate (Callback), it invokes methods contained in 
the Federate Ambassador class (Figure 19). 
 
Figure 19. HLA – Call and callback. 
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The prebuilt classes are computational code written in C++ OOP. The class 
Federate Ambassador has been adapted and compiled together with each federate (the 
riser dynamics program and the slug flow program). As the riser dynamics program was 
written in Fortran, the class Federate Ambassador has been linked to it by creating a 
dynamic link library file (DLL). 
Regarding the information that each federate needs to send and receive, the slug 
flow code is subscribed to the riser geometrical configuration represented by the angle 
of inclination of each element or pipe. (The slug flow code sees the riser as a series of 
pipes, and the slug flow sees a constant length of the riser along the simulation, which 
means,  some  axial  deformation  along  the  riser  is  neglected  for  the  slug  flow  
development). Furthermore, the slug flow program publishes the velocities of each 
phase, the internal fluid pressure and the liquid holdup. Similarly, the riser dynamics 
code is subscribed to the gas and liquid velocities, the internal pressure and the holdup. 
Consequently, this program publishes the geometrical position of each node. 
Generally transient flow programs work using a variable time step following the 
CFL criterion [23] to avoid losing information when the wave velocity travels from the 
face of one control volume to the other. However, riser dynamics programs work using 
a constant time step to avoid instability. Thus, the communication interface is leading 
two programs with different progress in computational time; the slug flow program and 
the riser dynamic code. To manage the issue of the time step, the following procedure 
was considered. Considering that the time step for the riser dynamics program is higher 
than the variable time steps for the dynamic flow code (i.e. the riser program works with 
time steps of order 10-1 or less, and the dynamic flow program works with a time step of 
order 10-3 or less), a master time step is considered. The master time step is defined by 
the riser dynamics code. Thus, the computational time of the dynamic flow code starts 
to increase, and when this time matches the master time step, an exchange of 
information occurs. The computational time of the riser dynamics code is incremented 
by the master time step. The same process start again, the computational time of the 
dynamic flow code is newly incremented by a new calculated time step, and the process 
continues until the two computational times are matched again. 
There is an issue regarding this method of managing the time step. The two 
computational times will never match. Thus, the last accumulated time step of the 
dynamic flow code is reduced arbitrarily to allow the two computational times to be 
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matched. Theoretically, a shorter time step fit the dynamic flow well; however, time 
steps that are too short can introduce instability problems. 
The sequence for exchanging information through the federation is as follows: 
1. The two computational times, one from each program, match (time k). 
2. The slug flow program sends information to the riser dynamics code. 
3. The riser dynamics code resolves its mathematical model using the received 
information for time k. 
4. The riser dynamics code sends information to the slug flow program. 
5. The slug flow program uses the received information to resolve its 
mathematical model for time k+1. This time k+1 belongs to the 
computational time of the slug flow program. 
Numerical analysts could call this procedure as an explicit approach to resolve 
the whole set of mathematical models. An improved version of the federation could 
apply an implicit method, which means iterations when the two computational times 
match. An implicit method could increase the processing time considerably with 
negligible influence on the results. 
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7. Case Study 
7.1 Effective tension variation 
7.1.1 Objective 
The objective of this test case is to conduct a numerical experiment to study an 
unsteady slug flow progressing through a flexible riser and to analyze the influence of 
this two-phase flow pattern on the change in the riser effective tension and the bending 
moment. The interaction between the slug flow and the dynamic response of a flexible 
riser is modeled by solving the fluid conservation equations (mass and momentum) for 
the internal two-phase flow and the dynamic equilibrium equation for the structure 
response. Additionally, the Morison equation is used to calculate the external 
hydrodynamic loads on the riser. 
7.1.2 Case definition 
To analyze the effective tension variation of a flexible riser due to an internal 
slug flow, a free-hanging catenary configuration was selected. This case represents a 
flexible riser 450 m in length submerged into the sea with a water depth of 300 m; 16.5 
m of the riser is above the water surface. To establish this configuration, a horizontal 
force of 80.22 kN was applied to the top, and an effective weight of 0.59 kN/m was 
distributed  along  the  riser.  This  riser  has  an  equivalent  homogeneous  cross-section  of  
400.0 mm external diameter and 360.0 mm internal diameter. Figure 20 represents the 
static configuration of the riser. For the axial modulus of elasticity, a value of 206000 
MPa was considered, with 10% for the bending modulus. These values are intended to 
model a flexible riser case where the two moduli are different. One hundred elements of 
equal length were used for the finite element model discretization. The boundary 
condition at the touchdown point is considered fixed but free to rotate, which also 
applies at the top of the riser. 
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Figure 20. Catenary static riser configuration. 
Mass flow rates of 8 kg/s for gas and 300 kg/s for liquid were used for the 
internal two-phase flow under isothermal conditions. Air and water were employed as 
the working substances. The gas density behavior follows the ideal gas law, and for the 
water, a density of 998.78 kg/m3 was considered at a temperature of 290.15 K and 1 
atmosphere pressure. At the outlet, a pressure of 101.325 kPa was determined. 
Drag and added mass in the still water were determined using the Morison 
equation. Both the added mass and drag coefficients were 1.0 for the present 
calculations. Sea water density equal to 1025 kg/m3 was assumed. 
The simulation started with the riser completely filled with gas and pressurized 
at 1 atmosphere. The riser profile, boundary and initial conditions were selected to 
provide conditions for the generation of a series of random hydrodynamic slugging [24]. 
The distributed simulation was run for 1000 computational seconds, following a 
parallel and synchronized HLA procedure. For the global riser analysis program, a fixed 
time  step  of  0.1  s  was  used  to  maintain  stability,  and  the  two-phase  flow  code  was  
implemented to work using a variable time step computed according to the CFL 
criterion. 
Case Study 
 
36 
 
7.1.3 Results from simulation 
A non-linear static analysis was conducted before beginning the time integration 
procedure. Figure 21 shows the distribution of the effective and true tension along the 
riser as calculated by this analysis. As the initial flow condition was a stagnant non-
compressed fluid, the difference between the true and effective tension is due to the 
external and internal static pressure, as described by Equation (6). 
 
Figure 21. Effective and true tension distribution after static analysis. 
Continuing with the static analysis, Figure 22 presents the bending moment 
distribution before the dynamic analysis starts. Because boundary conditions include 
free rotations at the riser ends, an abrupt increase in the bending moment is located at 
both ends, with the largest peak close to the seabed (maximum curvature). 
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Figure 22. Bending moment distribution after static analysis. 
The results from the dynamic analysis are presented in two parts. The initial part 
covers the startup phase of the process, and the second part covers the remaining 
simulation period. This approach to presenting the results was used because the startup 
sequence contains the largest displacements and bending moment variations. During 
this period, the effective tension and the two-phase flow pressure increase to reach a 
new dynamic equilibrium level. During the second part of the simulation, smaller 
deformations and tension variations were observed. 
Figure 23 shows snapshots of the riser profile recorded during the startup period. 
A characteristic point of change in direction of the displacements (above and below the 
static riser profile) can be observed close to node 70. The greatest generation of random 
slugs occurs near node 85 due to the hydrodynamic and geometric conditions. 
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Figure 23. Snapshots of riser shapes during startup. 
The behavior of the inlet internal pressure during the startup of the simulation is 
shown in Figure 24. A rapid increase in pressure as the slug flow approaches the riser is 
observed. At the end of the startup period, the inlet pressure increases to almost 24 
times its initial value. This value is reached seconds after the first slugs cross the riser 
outlet. The dynamic steady state pressure (Figure 25) is the inlet pressure level 
necessary to maintain a continuous two-phase flow rate along the riser for the selected 
geometric configuration and boundary conditions. Figure 25 also shows the inlet 
pressure variations for the remaining part of the simulation. The pressure variations are 
caused by the transient change in the two-phase flow momentum formed by the liquid 
slugs and gas bubbles, the shapes and velocities of which change as they travel along 
the riser. 
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Figure 24. Time history of the internal flow inlet pressure recorded during startup. 
 
Figure 25. Time history of the internal flow inlet pressure recorded during the time 
integration. 
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Figure 26 and Figure 27 present, respectively, the liquid and gas flow rates at the 
riser outlet  as a function of time during the last  part  of the startup period. These flow 
rates are represented by their equivalent liquid and gas superficial velocities. 
These figures also show the holdup behavior at the outlet of the riser during the 
same period of time. A slug is crossing the riser outlet when the holdup reaches one, 
indicating that only liquid flow is produced. These figures clearly show that slugs of 
different sizes are crossing the riser outlet and that the first slug reaches the riser outlet 
approximately 77 s from the beginning of the simulation. 
’  
Figure 26. Time history of the outlet liquid flow rate recorded at the end of the 
startup. 
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Figure 27. Time history of the outlet gas flow rate recorded at the end of the startup. 
 
Figure 28. Time history of the outlet liquid flow rate recorded at the end of the time 
integration. 
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Unstable behavior of the gas superficial velocity after a slug crosses the riser 
outlet can be observed in Figure 27 due to the effect of the compressible flow on its 
density. In contrast, the liquid superficial velocity (incompressible flow) presents a 
more stable development (Figure 26). Similar behavior was predicted for the remaining 
simulation period, see Figure 28 and Figure 29. 
 
Figure 29. Time history of the outlet gas flow rate recorded at the end of the time 
integration. 
For this work, Equation (6) is reordered to Equation (30) to enable a better 
understanding of the influence of slug flow on the true tension. 
;
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(30) 
Therefore, in addition to the effective tension, there are contributions from the 
external and internal pressures multiplied by their respective cross-sections (pressure 
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tension PA' )  and  from the  slug  flow momentum (momentum tension k km u¦  ). Clearly, 
the internal pressure and slug flow momentum work in favor of the true tension. 
The time history of the effective tension at the top of the riser is shown in Figure 
30 for the startup period. A rapid increase in the effective tension can be noted. This 
behavior is generated by the incoming slug flow. At the end of the startup, almost a 
double value of the effective tension was reached. The effective tension increment is 
accompanied by three other tensions. The first tension is the true tension, which almost 
follows the effective tension curve. The second tension is the tension generated by 
external and internal pressure variation. At the upper end of the riser, only internal 
pressure is involved, as this node is located above the MWL. The last tension is derived 
from the contribution of the flow momentum of the liquid and gas phases. The 
momentum tension works against the effective tension [see Equation (30)]. Based on 
Figure 30, a sequence of small fluctuations of the pressure and the momentum tensions 
at the end of the startup (approximate time 77 s) are observed when the first slugs are 
leaving the riser outlet. This condition leads to the differences between the effective and 
the true tension. 
A better view of the most interesting part of the last figure is shown in Figure 
31. This figure represents the last 25 seconds of the startup. The outlet holdup for the 
same period of time is also found in the figure. Clearly, the tension caused by the 
internal pressure and the momentum follows the slug development. 
Case Study 
 
44 
 
 
Figure 30. Time history of the top tensions recorded during startup. 
 
Figure 31. Time history of the top tensions recorded at the end of startup. 
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After the start-up period, the system will enter a state of dynamic stabilization. A 
sequence of slugs and bubbles travels along the riser with variable velocities and 
lengths. These slugs can rise, grow or vanish according to the two-phase flow mass and 
momentum balances. The variation of the top tension is shown in Figure 32. The rapid 
variation in the effective weight and centripetal forces by the slug flow produces 
changes in the effective tension. In this simulation, larger values of the true tensions 
were predicted in comparison to the effective tension, mostly due to the fluctuating two-
phase flow momentum and the change in internal pressure. 
A magnification of the last 25 seconds of the previous figure is shown in Figure 
33. The holdup development at the outlet is also shown in this figure. Again, the 
influence of the traveling slugs on the increase in true tension is clearly visible. 
 
Figure 32. Time history of the top tensions recorded during time integration. 
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Figure 33. Time history of the top tensions recorded at the end of the time 
integration. 
Figure  34  presents  the  tension  variation  at  node  70  (the  node  closest  to  the  
characteristic point). The tension due to the external and internal pressure decreases 
because the internal pressure is increasing, and its tension works against the tension 
generated by the external pressure [see Equation (30)]. The value of the external 
pressure almost becomes constant due to the water column. Low values of the flow 
momentum tension are calculated because node 70 is close to the place where the slugs 
are originated (the liquid accumulation zone), a region where low values of liquid 
velocities are predicted. The growth of the internal pressure increases the true tension. 
Figure 35 shows the tension components for the period when the entire riser is 
filled with a dynamic fluid/gas mixture (slug flow). After the dynamic stabilization, the 
main contribution to the variation in the true tension comes from the variation of the 
internal pressure. The true tension is lower than the effective tension due to the pressure 
generated by the external water column [see Equation (30)]. 
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Figure 34. Time history of tensions at node 70 recorded during startup. 
 
Figure 35. Time history of the tension components at node 70 recorded during the 
time integration. 
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As with the effective tension, another important influence from the slug flow is 
the  change  in  the  effective  weight.  The  simulation  shows  a  high  variation  of  the  
effective weight as the slug flow was developing along the riser in an irregular manner. 
The slug flow is characterized by a constant variation in the liquid and gas mass flow 
rate distribution in the pipe. 
Figure 36 shows the time history of the bending moments predicted during the 
startup for the selected nodes (see Figure 20). The bending moment begins to change as 
the slug flow travels through the riser from the inlet (node 101) to the outlet (node 1). 
The variations follow the static bending moment profile (Figure 22), where the 
maximum values are located near node 85 and the minimum near node 15. 
Correspondingly, Figure 37 shows the bending moment variation for the rest of the 
simulation (after 500 s) for the node that presented the highest fluctuations and the node 
in the middle of the riser. The largest variations are caused by the traveling slugs. These 
bending moment fluctuations are needed data for fatigue analysis that might be carried 
out by post-processing of the results. 
 
Figure 36. Time history of the bending moment recorded during startup. 
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Figure 37. Time history of the bending moment recorded during time integration. 
Figure 38 and Figure 39 show the deformation time histories for the selected 
nodes in the x and y directions,  respectively,  during the startup of the simulation. The 
interaction between the slug flow and the flexible riser structure generates irregular 
deformations  along  the  time  line  of  the  simulation.  This  behavior  is  typical  for  risers  
with slug flow because this phenomenon itself exhibits an irregular and unstable 
behavior. As noted above, when the slug flow starts, the riser structure begins to move 
to the left in Figure 38 and will later begin to return to its original position. Similarly, in 
Figure 39, the approaching slug flow produces upward displacements, except for node 
85, which is displaced downward. 
The change in the direction of the deformation occurs between the region of the 
characteristic point (node 70) and the liquid accumulation zone (node 85). This region is 
characterized by the high-hitting jet streams of the two-phase flow followed by the 
accumulation of liquid and the succeeding generation of random slugs. The initial 
deformations of the riser attempt to regain their static configuration later. Thus, we 
suspect that the centripetal forces have a greater influence than the gravity forces during 
startup. 
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Figure 38. Time history of the ǻX displacements recorded during startup. 
 
Figure 39. Time history of the ǻY displacements recorded during startup. 
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Deformations of nodes 51 and 85 for the last part of the simulation are shown in 
Figure 40 and Figure 41 (after 500 s) for the horizontal and vertical responses, 
respectively. Node 51, located in the middle of the riser, shows horizontal left and 
vertical upward displacements each time a slug is crossing. Thus, this node 
predominately experiences centripetal domain forces. Node 85 (region of liquid 
accumulation) is deforming horizontally to the right and vertically downward and thus 
primarily experiences gravity domain forces. 
 
Figure 40. Time history of the ǻX displacements recorded during time integration. 
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Figure 41. Time history of the ǻY displacements recorded during time integration. 
In-plane displacements of the selected nodes are shown in Figure 42 for the 
startup period. A transition of node oscillations from the plane –x+y (nodes 15, 30, 51 
and  70),  crossing  the  plane  –x-y  (node  70)  and  up  to  the  axis  –y  (node  85)  is  shown.  
The influence of the intense hitting of the two-phase flow jet stream at the characteristic 
point is observed (the flow jet stream generated this anticlockwise trajectory). 
Additionally,  this  graphic  shows  that  after  the  initial  deformation,  each  node  tries  to  
return to its static configuration. 
Similarly, Figure 43 presents in-plane deformation of only two selected nodes 
during the entire simulation. In contrast to the startup, the nodes underwent smaller 
deformations, but similarly to the startup, the nodes tried to return to their static 
positions. These two graphs show that during the startup, the riser suffered the largest 
displacements. 
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Figure 42. In-plane displacement of selected nodes recorded during startup. 
 
Figure 43. In-plane displacement of the selected nodes recorded during time 
integration. 
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A  series  of  envelope  figures  is  provided  on  the  pages  to  follow.  Envelopes  of  
effective tension are presented in Figure 44. The hydrodynamic slug flow against a 
flexible riser produces a chaotic variation of the effective weight along the riser profile 
and in time because the non-homogenous dynamic distribution of the mass flow 
generated by the series of slugs traveling along the riser (the incompressible flow) 
alternates with the dynamic gas bubbles (the compressible flow). The effective tension 
increases (approximately doubles) during the startup and fluctuates throughout the 
remaining simulation period. This fluctuation is due to the random dynamic variation of 
the effective weights and the centripetal forces as the slugs and bubbles move along the 
riser. 
Similarly, a considerable increase in the true tension can be observed in Figure 
45. The highest increases are again recorded during startup, mostly as a consequence of 
the large increase in internal pressure. For the remaining simulation, the additional 
increase is due to the internal pressure fluctuation and the two-phase flow moment 
variation. 
In this figure, a evident increment of the true tension can be observed along the 
region of the characteristic point and liquid accumulation zone for the remaining of the 
simulation. This situation is originated by the increase of the two-phase flow 
momentum  at  that  area  due  to  the  liquid  mass  accumulation  and  the  subsequent  slug  
departure with a high velocity (slug generation). 
The results shown in these last two figures have demonstrated that the slug flow 
produces an increase rather than a decrease in the effective and true tension of a flexible 
riser that initially was empty. 
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Figure 44. Envelope of the effective tension recorded during time integration. 
 
Figure 45. Envelope of the true tension recorded during time integration. 
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Regarding the bending moment, Figure 46 and Figure 47 present the maximum 
and minimum envelopes, respectively. Again, the highest variations of bending moment 
were recorded during the startup. Smaller variations were predicted for the remaining 
simulation. These variations occur mainly between the top of the riser and the 
characteristic point. 
 
Figure 46. Envelope of the maximum bending moment recorded during time 
integration. 
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Figure 47. Envelope of the minimum bending moment recorded during time 
integration. 
 
Figure 48. Envelope of the horizontal displacement recorded during time 
integration. 
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Figure 48 and Figure 49 show the envelopes of the maximum and minimum 
horizontal and vertical displacements along the riser. Again, the largest deformations 
are generated during startup. The influence of the slug generation zone and the 
characteristic point is also observed. These two graphs show that downstream from 
node 70, the riser is deformed on the plane –x+y. The centripetal force generated by the 
traveling slugs and bubbles exerted a greater influence. Upstream, the characteristic 
point of the deformation is mostly due to liquid accumulation for slug generation 
(gravity domain), as presented in Figure 49. 
 
Figure 49. Envelope of the vertical displacement recorded during the time 
integration. 
7.1.4 Discussion 
The results demonstrated that the hydrodynamic slugs exhibit random and 
chaotic behavior; thus, irregular loads against the riser are generated, and the riser reacts 
by producing irregular responses. The increase and fluctuation of the effective tension 
resulted mainly from the centripetal force and the effective weight changes generated by 
the slug flow. Similarly, the true tension variation was attributed mainly to the internal 
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pressure variation, with a minor contribution from the two-phase flow momentum. Two 
regions separated by a characteristic point along the riser profile were also identified. 
One region was dominated mainly by centripetal forces, and the other region was 
dominated by gravity (the zone of liquid accumulation). Additionally, in this work, the 
highest variations (the displacements, tensions, bending moments and pressures) were 
recorded during the startup, with smaller variations thereafter. 
7.2 Linear versus non-linear models for riser dynamics 
7.2.1 Objective 
The  objective  of  this  work  is  to  conduct  a  numerical  experiment  to  study  the  
progress of unsteady slug flow through a hybrid riser and to analyze the influence of a 
linear and non-linear finite element model for the riser response on the riser dynamics 
and on the slug flow development. The interaction between the slug flow and the 
dynamic response of a hybrid riser is modeled by solving the fluid conservation 
equations (mass and momentum) for the internal two-phase flow and solving the 
dynamic equilibrium equation for the structure response. Additionally, the Morison 
equation is used to calculate external hydrodynamic loads on the riser during its 
oscillations in still water. 
7.2.2 Case definition 
A hybrid riser configuration subjected to slug flow has been selected to illustrate 
the difference between the results from linear and non-linear analyses of riser dynamics. 
This hybrid riser consists of a jumper of 600 m length, starting from the sea surface and 
followed by a rigid riser of 625 m ending at the seabed at a depth of 700 m. To establish 
this configuration, a horizontal force of 47.56 kN was applied to the top of the jumper. 
Similarly a force of 4000 kN was applied vertically at the top of the rigid riser and kept 
constant throughout the simulation, and finally, effective weights of 0.70 kN/m and 0.93 
kN/m were distributed along the jumper and rigid riser, respectively.  
Table 1 gives cross section data for the jumper and rigid part of the hybrid riser. 
One hundred elements of equal length were used for the finite element model 
discretization. The boundary conditions at the bottom end are defined as fixed positions 
but are free to rotate, which also applies at the top of the riser. 
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Mass flow rates of 10 kg/s for the gas and 200 kg/s for the liquid were imposed 
at the inlet of the hybrid riser for the transient two-phase flow under the isothermal 
conditions. Air and water were employed as the working media. The gas density 
behavior follows the ideal gas law, and for the water, a constant density of 998.78 kg/m3 
was assumed. A temperature of 290.15 K and a pressure of 1 atmosphere were 
considered as a reference. At the outlet of the hybrid riser, a pressure of 101.325 kPa 
was determined. 
Hybrid 
Riser 
External 
Diameter (mm) 
Internal 
Diameter (mm) 
Axial Modulus 
of Elasticity 
(MPa) 
Bending 
Modulus 
of 
Elasticity 
(MPa) 
Jumper 370 254 1.23E+4 4.89E+2 
Rigid 364 316 2.07E+5 2.07E+5 
Table 1 Hybrid riser – cross section data 
The drag and added mass in still water were determined by the Morison 
equation. Both added mass and drag coefficients of 1.0 were used for these calculations. 
Sea water density equal to 1025 kg/m3 was assumed. 
The simulation began with the riser completely filled with gas and pressurized at 
1 atmosphere. The riser profile, boundary and initial conditions were selected to provide 
the conditions for the generation of a series of random hydrodynamic slugging. 
The simulation was run for 1000 seconds, following a synchronized HLA 
procedure. For the global riser dynamic program, a fixed time step of 0.1 s was used to 
maintain stability, and the two-phase flow code was implemented using a variable time 
step, computed according to the CFL criterion. 
7.2.3 Results from simulation 
Figure 50 represents the static configuration of the hybrid riser. This 
configuration was calculated by a non-linear finite element analysis before starting the 
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time integration. Figure 51 shows the distribution of the effective and true tension along 
the riser, as calculated by the static analysis. As the initial flow condition was an empty 
riser, the difference between the true and effective tension is due to the external 
pressure, according to Equation (6). 
 
Figure 50. Hybrid riser static riser configuration. 
Continuing with the static analysis, Figure 52 presents the static bending 
moment distribution. Because the boundary conditions include free rotations at the riser 
ends, zero bending moment was calculated at both ends and at the node representing the 
connection between the rigid riser and the jumper. The largest bending moment was 
predicted at the deepest point of the jumper (maximum curvature). 
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Figure 51. Effective and true tension distribution after static analysis. 
Figure 52. Bending moment distribution after static analysis. 
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To identify the difference between results from linear and non-linear 
calculations  of  riser  dynamics  on  the  coupled  fluid-structure  problem,  the  global  riser  
dynamics program was run using both methods synchronized with the slug flow 
program. It is important to bear in mind that for both cases, the slug flow 
program solved the highly non-linear differential equations representing fluid 
conservation, see Equations (18) and (19). 
The behavior of the inlet internal pressure during the time integration is shown 
in Figure 53 and Figure 54 for linear and non-linear simulations, respectively. A rapid 
increase in pressure as the slug flow approaches the riser is observed for both situations. 
The dynamic steady state flow is reached seconds after the first slugs cross the hybrid 
riser outlet. During this state, only fluctuations in the mean pressure are presented. This 
level of inlet pressure is necessary to maintain a continuous two-phase flow traveling 
along the hybrid riser for the selected geometry and boundary conditions. The pressure 
variations are caused by the transient changes in the two-phase flow momentum formed 
by the liquid slugs and gas bubbles. The shape and velocity of the slugs and bubbles 
change as they travel along the rigid riser and jumper. 
Together with the inlet pressure, these figures also present outlet 
holdup development. The response of the linear approach generates a more stable 
slug flow, composed by a series of almost uniform traveling slugs. That situation is 
reflexed in the regular variation of the internal pressure. However, the response 
produced by the non-linear approach created the conditions for generating a more 
chaotic slug flow. Thus, Figure 54 presents non-uniform traveling slugs of 
different lengths. This situation generates the condition of more irregular fluctuations 
in the internal pressure. 
Results will be presented on the following pages for the last part of the 
simulation, in order to avoid the influence of the transition from an unsteady to a 
dynamic steady state flow condition in the results. 
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Figure 53. Time history of the internal flow inlet pressure – linear model. 
Figure 54. Time history of the internal flow inlet pressure – non-linear model. 
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The response calculated by the linear and non-linear approach strongly 
influences the development of the slug flow. That situation can be observed in Figure 55 
and Figure 56, where the time histories of the liquid flow rate at the riser outlet for the 
last part of the simulation are presented. The flow rate is represented by its equivalent 
liquid superficial velocity. 
A  slug  is  crossing  the  riser  outlet  when  the  holdup  reaches  a  value  of  unity,  
indicating that only liquid flow is produced. Based on the linear model (see Figure 55), 
uniform development of the holdup is predicted. On the other hand, for the non-linear 
model (see Figure 56), slugs with different lengths and shapes are generated. Hence, the 
two situations are observed to produce different liquid flow rate histories. 
A similar effect is presented for the gas phase: see Figure 57 and Figure 58. The 
oscillation of the gas superficial velocity after a slug crosses the riser outlet is caused by 
the compressible flow on the gas density. 
 
Figure 55. Time history of the outlet liquid flow rate - linear model. 
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Figure 56. Time history of the outlet liquid flow rate – non-linear model. 
 
Figure 57. Time history of the outlet gas flow rate - linear model. 
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Figure 58. Time history of the outlet gas flow rate – non-linear model. 
The forces on the riser generated by the slug flow are represented by the 
generation of the centrifugal force and the variation in the effective weight. The riser 
counteracts these forces by varying the effective tension. A linear model of the DEQ is 
not able to capture the influence of this variation on the stiffness matrix. The resulting 
effective and true tension variation and holdup for the linear model is shown in Figure 
59. In contrast, the non-linear analysis can account for the stiffness variation caused by 
varying the effective tension, which leads to the results shown in Figure 60. The linear 
simulation calculated short effective tension oscillations that follow the slug flow 
development (almost a regular series of traveling slugs). In contrast, the non-linear 
model presents higher and irregular variation of the effective tension. 
The true tension that also appears in these figures follows the slug flow 
development  for  both  models.  As  the  results  presented  in  these  two last  figures  come 
from the top of the riser, the true tension variation is mainly due to the change in the 
two-flow momentum, see Equation (6). Certainly, the linear and non-linear simulations 
estimate different dynamic riser shapes for the slug flow program, which in turn lead to 
different developments of the slug flow. The slug flow calculated by using non-linear 
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analysis is observed to be the most chaotic. Furthermore, incorrect values of the true 
tension may have been predicted for the linear model due to its missing capability to 
capture the influence of the effective tension variation on the stiffness matrix and its 
limitation to managing only short riser responses. This situation invalidates the use of 
data from a linear simulation in a stress analysis. 
 
Figure 59. Time history of the top tensions - linear model. 
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Figure 60. Time history of the top tensions - non-linear model. 
Another important influence of the slug flow on the riser dynamics is the change 
in the effective weight. The simulations show a high variation of the effective weight as 
a slug flow propagates along the riser in an irregular manner. The slug flow is 
characterized by a continuous variation of liquid and gas mass flow rate distribution in 
the riser. Figure 61 and Figure 62 show time histories of the effective weight recorded 
at the deepest point of the jumper for the linear and non-linear analyses, respectively. 
The  effective  weight  follows  the  slug  flow  development,  as  in  the  case  of  the  true
tension. Even if the variation of the effective weight along time is different for the two 
cases (from almost regular to more chaotic) the maximum and minimum values are the 
same because the extreme values indicate that the riser cross section is completely 
occupied by a liquid or gas phase. The effective weight variation and the centripetal 
force are the results of the slug flow in the riser, and the riser counteracts by changing 
the effective tension. 
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Figure 61. Time history of the effective weight - linear model. 
Figure 62. Time history of the effective weight – non-linear model. 
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Figure 63 and Figure 64 present the time histories of bending moments at the 
deepest point of the jumper from the two analysis procedures. The bending moment 
begins to change as the slug flow approaches the riser from the inlet (node 101) to the 
outlet (node 1). The bending moment variations follow the slug flow development 
irregularly for both cases. Characteristic amplitudes are higher for the linear analysis 
than for the non-linear, but the most important difference is that linear analysis gives 
almost periodical response, while the non-linear response is more stochastic. 
 
Figure 63. Time history of the bending moment – linear model. 
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Figure 64. Time history of the bending moment – non-linear model. 
The non-linear analysis shows a more irregular response. The modes presents by 
the non-linear model have low eigenfrequencies. This situation will not occur for the 
linear analysis, but will be present for the non-linear due to the character of the loads. 
The Linear analysis shows load periods of approximately 10 s, in contrast the non-linear 
analysis presents characteristic periods of 30 s. 
The interaction between the slug flow and the riser structure generates irregular 
deformation time histories. This behavior is typical of risers with slug flow because this 
phenomenon itself has an irregular and unstable behavior. Figure 65 and Figure 66 
show the deformation time histories at the deepest point of the jumper in the x and y 
directions from linear and non-linear simulations. Only small deformations were 
produced by the linear model, in contrast to the large displacements from the non-linear 
case. These large deformations are originated by the chaotic behavior of the slug flow 
due to the non-linear riser response provided by the riser dynamics code to the slug flow 
program. If this type of two-phase flow behavior occurs for the linear case, linear 
dynamic analysis would be unable to calculate such large displacements in a credible 
manner. 
Case Study 
73 
Figure 65. Time history of the X, Y displacements recorded at node 29 – linear 
model. 
Figure 66. Time history of the X, Y displacements recorded at node 29 – non-linear 
model. 
Case Study 
 
74 
 
The non-linear case generated slugs of varying sizes, and the largest slugs led to 
stronger inertia effects on the jumper after its deepest point. On the other hand, a series 
of slugs of similar magnitude travelling continuously along the entire hybrid riser for 
the linear case did not lead to similar response amplitudes. 
The deformations at the top of the rigid riser are shown in Figure 67 and Figure 
68. Horizontal displacements with large fluctuations are presented for the non-linear 
case, while the linear case shows horizontal displacements with minor fluctuations. The 
vertical displacements for both cases are almost zero due the tension at the top of the 
rigid riser. 
 
Figure 67. Time history of the X, Y displacements recorded at node 50 – linear 
model. 
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Figure 68. Time history of the X, Y displacements recorded at node 50 – non-linear 
model. 
In-plane  displacements  of  the  deepest  point  of  the  jumper  and  the  top  point  of  
the rigid riser are shown in Figure 69 and Figure 70, respectively. It is clearly seen the 
largest riser responses originated from the non-linear response model. The non-linear 
model generates larger displacements in the xy plane than the linear model. A similar 
situation can be observed at the top point of the rigid riser; however, this point has a 
predominant horizontal displacement for obvious reasons. 
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Figure 69. In-plane displacement at the deepest point of the jumper. 
 
Figure 70. In-plane displacement at the top point of the rigid riser. 
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A series of extreme values are provided in the next several figures, which have 
been recorded between 500 s and the end of the simulation. Maximum values of 
effective tension are present in Figure 71 for both cases. The hydrodynamic slug flow 
traveling through a riser produces a chaotic variation of the effective weight in time and 
space due to the varying distribution of the mass flow generated by the slug flow. The 
linear model is to some extent able to capture the effective tension variation, but bear in 
mind that this variation will not influence the stiffness matrix. Figure 71 shows the same 
trend of variation in effective tension for both cases. An increment of effective tension 
is predicted in the jumper and a decrement in the rigid riser. Similarly, Figure 72 shows 
an increase in the true tension in the hybrid riser for both models. This situation is 
mainly due to the two-phase flow momentum and the internal pressure, which increase 
the true tension. 
Figure 73 presents the envelope of the bending moment for both methods. The 
two results show the same trends of bending moment variation in both directions. 
Clearly, the linear model underestimated the bending stresses. 
 
Figure 71. Maximum values of the effective tension recorded during time integration. 
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Figure 72. Maximum values of the true tension recorded during time integration. 
 
Figure 73. Envelope of the bending moment recorded during time integration. 
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Figure 74 and Figure 75 show the envelopes of horizontal and vertical 
displacements along the hybrid riser, respectively, for both methods. The largest 
displacements were generated at the jumper as expected. However, only the non-linear 
method was able to capture the largest deformations. As commented above, the non-
linear DEQ created the condition for a more chaotic slug flow, and thus, the two-phase 
flow generated stronger centrifugal forces on the hybrid riser. 
The horizontal displacement, shown in Figure 74, presents the largest 
displacements between the deepest point of the jumper and the upper end for both 
simulations, but the displacements are far larger for the non-linear analysis than for the 
linear analysis. The largest slugs generated during the non-linear simulation must 
overcome the downstream internal hydrostatic pressure when travelling by the deepest 
point of the jumper to continue flowing. Thus, the bubble upstream of these slugs is 
compressed, and its internal pressure becomes higher than the slug downstream internal 
pressure. Upon reaching that condition, the slug rises (blows out) with high velocity, 
thereby generating high centrifugal forces against the jumper. For the vertical 
displacement, Figure 75, gravity domain forces were more predominant for the linear 
model  case.  It  is  important  to  have  a  reliable  prediction  of  the  riser  displacements  to  
define spacing and thereby avoid collision between risers in an array on deep water. 
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Figure 74. Envelope of the horizontal displacement recorded during time integration. 
Figure 75. Envelope of the vertical displacement recorded during time integration. 
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The envelopes of the liquid and gas flow rates are presented in Figure 76 and 
Figure 77, respectively, for both cases. The highest liquid flow rate is predicted in the 
jumper for the non-linear simulation. The liquid flow rate is directly related to the liquid 
/slug velocity. The non-linear analysis generates more chaotic slug flow and also higher 
velocities, hence producing higher flow rates. A similar situation occurs for the gas flow 
rate. The two-phase flow development is observed to be strongly related to the riser 
response, and the external loads generated by the slug flow depend on its development. 
 
Figure 76. Envelope of the liquid flow rate recorded during time integration. 
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Figure 77. Envelope of the gas flow rate recorded during time integration. 
7.2.4 Discussion 
The main difference between the linear and the non-linear analysis is seen in the 
time histories of the previous figures. The non-linear model presents more irregular and 
longer characteristic periods which gives less high frequency vibration, but lower 
modes will be excited. The non-linear response is seen not to give a periodic solution. 
This might be caused by non-linear effects that may encourage other frequency 
components to occur, and then change that internal two-phase flow dynamics. The non-
linear simulation capture this effect, but the linear model does not. The linear model 
presents almost a perfect periodical response pattern. 
The linear riser response model will tend to under-predict the dynamic response 
as the observed variation in time of the effective tension is not reflected in the stiffness 
matrix. This result contrasts with the non-linear simulation, where changes in global 
geometry and effective tension will influence the stiffness matrix and thereby lead to a 
more chaotic dynamic response. Additionally, despite the ability to calculate the 
effective tension variation for the linear analysis, the results are suspected to be 
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incorrect due to the capacity of the linear model to work only with short responses. The 
different riser responses predicted by each model also influenced the slug flow 
development. The linear case generated a more regular development and the non-linear 
case a more chaotic behavior of the slug flow. Hence, the use of a linear model for this 
type of analysis is not recommended. 
7.3 Validation against experiments 
7.3.1 Objective 
The objective of this test case is to validate the numerical results of the computer 
federation against experimental data and then to take advantage of the numerical 
simulation to obtain additional information that is difficult to obtain experimentally to 
gain  a  better  understanding  of  the  mechanics  of  this  slug  flow  –  riser  dynamics
interaction. 
7.3.2 Experimental Facility 
The following description of the laboratory test facility comes from the work of 
Valdivia et al. [5]. A laboratory-scale model was designed based on a steel catenary 
riser (prototype) of 1600 m submerged in a water depth of 900 m. The Buckingham-Pi 
theorem was applied to determine the dimensionless parameters for the scale reduction 
(geometry, structural and flow variables). The model consists of one horizontal section, 
lying on the floor, and one catenary-shaped section, suspended from the ceiling. 
Figure 78 shows the components of the test facility. Water is supplied by a tank 
installed on the terrace of the laboratory, feeding a pump on the ground floor that 
pressurizes the liquid before it passes through a flow-meter. After this device, the water 
enters an injector. On the other side, a rotating compressor supplies pressurized air. The 
air flow rate is measured by a flow-meter before it is directed to the injector. The 
injector consists of a mixer and a transparent outlet pipe for visualization. The fluids 
leave the injector as a two-phase flow. Downstream, the two-phase flow enters the 
catenary riser model. 
Five target points are positioned along the riser. The displacements of these 
points are captured by five cameras. The images are then processed to yield the 
frequency and amplitude of the oscillations. The top of the riser model is held up by a 
load-cell, which provides the assessment of the top tension. The load-cell is connected 
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to its  frame support  by a pin-joint designed to allow variations in the top angle of the 
catenary under dynamic loading. 
The two-phase flow exits the riser model after the load-cell through a tube 
returning to the water tank, where the gas is vented to the atmosphere and the liquid is 
reinserted into the facility. All the signals generated by the instruments are transmitted 
to the data acquisition systems, where they are stored for later processing and analysis. 
Figure 78. Arrangement of the experimental facility. 
7.3.3 Results from simulations and validations 
To validate the results of the HLA federation, the predicted response of a riser 
was compared against  the experimental  data from the work of Valdivia et  al.  [5].  The 
experimental model consists of a hose 28.7 m in length beginning as a horizontal line of 
10.7 m ending at the touch down point (TDP). Then, a free-hanging line 18 m in length 
follows  it,  ending  at  the  top  of  the  riser.  The  model  was  established  in  air  so  that  
hydrodynamic effects (drag and added mass) do not have any influence. The hanging 
part of the riser has a horizontal and vertical projection of 11.5 m and 12.5 m, 
respectively. 
According to the work of Valdivia et al. [5], the material selected for the riser 
model was silicone (specification 60/65 SHORE A) with a modulus of elasticity of 1255 
kPa and a mass of 0.254 kg/m. The riser model has external and internal diameters of 
0.025 m and 0.019 m, respectively. 
In our work, to set  up the riser configuration, a horizontal  force of 15.4 N was 
applied at the top of the riser, and an effective weight of 2.5 N/m was distributed along 
the riser. One hundred elements of equal length were used for the finite element model. 
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The boundary condition at the touchdown point is considered fixed but free to rotate, 
which also applies at the top of the riser model. 
Following the experimental procedure, superficial velocities of 0.55 m/s for the 
gas and 0.55 m/s for the liquid were imposed at the inlet of the horizontal line for the 
transient two-phase flow under isothermal conditions. Air and water were employed as 
the  working  substances  according  to  the  work  of  Valdivia  et  al.  [5].  Thus,  water  was  
considered to have a density of 998.78 kg/m3, and the air density was assumed to follow 
the ideal gas law. Additionally, a temperature of 290.15 K and a pressure of 1 
atmosphere were used as a reference. At the outlet of the riser, a pressure of 101.325 
kPa was set to represent an open water reservoir. These properties and boundary 
conditions were considered for the numerical simulation to obtain a good representation 
of the experiment. 
The simulation began with the riser completely filled with gas and pressurized at 
1 atmosphere. The riser profile, boundary and initial conditions provided the conditions 
for the generation of a series of random hydrodynamic slugging similar as reported by 
Valdivia et al. [5]. 
The distributed simulation was run for 300 seconds, following a parallel and 
synchronized HLA procedure. For the riser dynamics program, a fixed time step of 0.1 s 
was used to maintain stability, and the two-phase flow code used a variable time step to 
capture the information traveling with the flow velocity. 
Figure 79 represents the static configuration of the catenary riser model. This 
configuration was calculated by a non-linear finite element method before beginning the 
simulation. The static riser profile matches the initial riser profile of the model. The 
location of node 62 can be observed in the figure. This node represents the position of 
the target point of camera 3 in the work of Valdivia et al. [5]. The predicted 
deformations of the riser model at this node will be validated in this work. 
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Figure 79. Riser model static configuration. 
The static analysis also generated the following load profiles. Figure 80 shows 
the distribution of the effective and true tension along the riser. These tensions present 
the same load distribution as the initial condition is a dry riser outside the pool. Under 
these conditions, the effective tension is a consequence of the riser’s own weight. Figure 
81 presents the bending moment distribution before beginning the dynamic analysis. As 
the boundary conditions include free rotation at the riser ends, zero bending moment 
was calculated at these positions. The largest peak of the bending moment was predicted 
to be closer to the TDP. 
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Figure 80. Effective and true tension distribution after static analysis. 
Figure 81. Bending moment distribution after static analysis. 
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The behavior of the internal pressure at the TDP during the time integration is 
shown in Figure 82 for the numerical simulation. The two-phase flow begins traveling 
along the horizontal pipe from the riser inlet. The internal pressure begins to grow when 
the slug flow reaches the TDP. A rapid increase in pressure is observed as the slug flow 
fills up the riser. The dynamic steady state flow is reached when the first slugs cross the 
riser outlet. During this state, only fluctuations in the mean pressure are presented. This 
level of inlet pressure is necessary to maintain a continuous two-phase flow rate along 
the riser for the defined configuration. The pressure variations are caused by transient 
changes in the two-phase flow momentum formed by liquid slugs (incompressible fluid) 
and gas bubbles (compressible fluid). 
Together with the internal pressure, these figures also present the outlet holdup 
development. Chaotic slug flow development was predicted, and thus, the simulation 
presents non-uniform traveling slugs of different lengths and velocities. The shape and 
velocity  of  the  slugs  and  bubbles  change  as  they  travel  along  the  riser.  This  situation  
generates the conditions for irregular fluctuation of the internal pressure. 
Figure 82. Time history of the internal flow inlet pressure. 
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Next, the numerical results will be presented for the last 120 s of the simulation, 
distant from the unsteady state flow period, to avoid the influence of the transition from 
unsteady to dynamic steady state flow in the results, the 120 s range will be applied for 
validation against the experimental results presented by Valdivia et al. [5]. 
The forces produced by the slug flow against the riser structure are represented 
by the generation of dynamic centrifugal forces and the variation of the effective 
weight. The riser counteracts these forces by an increase of the effective tension. The 
tension at the top of the riser registered by the dynamometer (load-cell) during the test is 
shown in Figure 83. Similarity, the effective tension at the top of the riser predicted by 
the simulation is shown in Figure 84. The tension recorded from the experiment is 
slightly higher than the tension predicted by the computer simulation. However, both 
results present a similar range of force variation. A similar behavior can be observed in 
Figure 85 and Figure 86, experimental and numerical results, respectively, for an 
additional test where the gas superficial velocity was reduced to 0.12 m/s. 
 
Figure 83. Time history of the top tension from experiment. 
 
Figure 84. Time history of the top tension from numerical simulation. 
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Figure 85. Time history of the top tension, Usl=0.55 m/s Usg=0.12 m/s, from 
experimental measurement. 
 
Figure 86. Time history of the top tension, Usl=0.55 m/s Usg=0.12 m/s, from 
numerical simulation. 
The time history of the true tension at the top of the riser is shown in Figure 87 
for the end of the simulation. This tension behavior follows the slug flow development. 
The true tension increase is due to the change in the two-flow momentum and the 
variation of the internal pressure generated by the slug flow. There is no influence of the 
external pressure, as the riser is outside the pool, see Equation (6). Clearly, the presence 
of slug flow involves an increase in axial stresses. 
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Figure 87. Time history of the true tension at the top. 
The interaction between the slug flow and the riser structure generates irregular 
and  variable  deformations  on  the  riser  along  the  time  domain  of  the  simulation.  This  
behavior is typical of risers with slug flow, as this phenomenon itself has an irregular 
and unstable behavior. Figure 88 and Figure 89 show the deformation time histories at 
target  point  3  (node  62)  of  the  riser  in  the  x direction, normalized by its external 
diameter, for the numerical simulation and experimental testing, respectively. The 
oscillations are regarding a new generated equilibrium configuration when the two-
phase flow reaches its dynamic steady state. The two graphics present irregular variable 
deformations  as  the  slugs  cross  that  node.  The  numerical  result  predicted  slightly
smaller deformations than the experimental data and the characteristic frequencies are 
also slightly different. The calculated average period for the simulation is 2.4 s with a 
variance of 0.36 s2, similarly, the experimental data presents an average period equal to 
1.7  s  with  a  variance  of  0.2  s2. Based on additional numerical testing using different 
flow rates, the centripetal forces had more influence than the gravity forces for this riser 
configuration. Similar behavior was observed for the vertical deformation of the riser, as 
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shown in Figure 90 and Figure 91 for the numerical and experimental results, 
respectively. 
Figure 88. Time history of the ¨X/Do displacements from experimental measurement. 
Figure 89. Time history of the ¨X/Do displacements from numerical simulation. 
Figure 90. Time history of the ¨Y/Do displacements from experimental measurement. 
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Figure 91. Time history of the ¨Y/Do displacements from numerical simulation. 
In-plane displacements of node 62 at target point 3 are shown in Figure 92 for 
the numerical simulation. A deformation into 2.5 times the external diameter was 
numerically predicted, as reported by Valdivia et al. [5] in its experimental 
investigation. The oscillation is around the new equilibrium configuration, involving the 
xy plane. 
Figure 92. In-plane displacement at target point 3. 
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As the previous comparisons yielded acceptable agreement, a series of envelope 
figures are provided from the numerical simulation. The envelope of effective tension is 
presented in Figure 93. Hydrodynamic slugging traveling through a riser produces a 
chaotic variation of the effective weight along the structure in time due to the non-
homogenous dynamic distribution of the mass flow generated by the series of slugs (the 
incompressible flow) alternating with the dynamic gas bubbles (the compressible flow). 
These slugs and bubbles also travel with different velocities. Centripetal forces are 
generated as the direction of these velocities changes due to the curvature. These 
centripetal forces work against the riser as centrifugal forces. The whole riser system 
reacts against these variable loads (weight and centripetal forces), increasing the 
effective tension. The effective tension variation exerts a strong influence on the riser 
response. 
In this work, due to the presence of the hydrodynamic slugging, the drop in 
effective tension is increased by 60%. Additionally, it is possible to note a region that 
does not have variation of effective tension along it. This region, which follows the 
TDP, becomes tangent to the floor due to the weight of the two-phase flow and the low 
bending and axial stiffness of the riser model. 
The envelope of the true tension distribution predicted by the simulation can be 
observed in Figure 94. The contribution of the tensions generated by the internal 
pressure and by the two-phase flow momentum in the increment of the true tension is 
very significant, see Equation (6). The result shown in this figure demonstrates that the 
slug flow produced an increase in the axial stresses of the riser of approximately 100%. 
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Figure 93. Envelope of the effective tension recorded during time integration. 
Figure 95 presents the envelope of the bending moment distribution. The simulation 
predicted an increase in the maximum value of the bending moment of more than 100%. 
The highest bending moment is located close to the new TDP, as a region of the riser 
lies down due to the slug flow. Clearly, the slug flow produces a high variation in 
bending stresses. 
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Figure 94. Envelope of the true tension recorded during time integration. 
 
Figure 95. Envelope of the bending moment recorded during time integration. 
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Figure 96 and Figure 97 show the envelopes of the horizontal and vertical 
displacements along the riser, respectively. The largest displacements were generated 
close to target point 3. The riser geometry and the selected flow rate created the 
conditions for random slug flow, so the two-phase flow generated strong centrifugal 
forces against the riser. The centripetal forces are seen to dominate over the gravity 
forces on the generation of oscillations for this experiment.  The gravity forces did not 
have a large influence on the vibrations due to the high frequency of slugs presented. 
This high slug frequency prevented the recovery of the riser deformation due to the slug 
weight. An in-plane view of the global riser deformation is shown in Figure 98. 
 
Figure 96. Envelope of the horizontal displacement recorded during time integration. 
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Figure 97. Envelope of the vertical displacement recorded during time integration. 
 
Figure 98. In-plane view of the global riser deformation. 
Case Study 
99 
It  is  obvious  that  the  slug  flow  –  riser  dynamics  interaction  is  a  complex
phenomenon. The two-phase flow development is influenced by the riser response, and 
the external loads generated by the slug flow depend on the two-phase flow 
development. 
7.3.4 Discussion 
Validations of the top tension variation and horizontal/vertical time-dependent 
deformation are presented. The numerical results present acceptable agreement with the 
experimental data. Given that agreement, a series of envelopes of effective and true 
tensions,  bending moment and riser deformation are also presented, which allow us to 
better understand the phenomenon of slug flow - riser dynamics interaction. The 
influence of slug flow on the riser is mainly due to the centripetal force originated by 
the change in direction of the fluid particles and the time variable effective weight. On 
the other hand, the influence of the riser dynamics on the two-phase flow is due to the 
time variable geometrical profile of the riser. The dynamic riser shape is seen to directly 
influence the two-phase flow momentum. 
The presence of slug flow through a flexible riser means an additional increase 
of stresses. These stresses can be quantified by the increase in true tension and bending 
moment. In this work, a considerable increase in true tension and bending moment are 
predicted. 
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8. Conclusion and further work 
8.1 Main Conclusions 
The goal of this work has been to develop an integrated model for simulating the 
behavior of slug flow – riser dynamics interaction. This has been achieved by using two 
in-house research codes, one for the transient slug flow and another for the global riser 
dynamic response. The programs were coupled, maintaining them as independent 
systems but interconnected by mutual information feedback. Two highly non-linear 
systems were possible to couple using this methodology. 
This work also presents an innovative analysis technique in which each 
phenomenon (slug flow and riser dynamics) is simulated by an independent stand-alone 
program. Thus, each computer code can continue its own development and 
improvement independent of the other program. 
In this thesis, three basic test cases were examined. The first case illustrates the 
influence of an internal unsteady slug flow on the effective tension in the riser. The 
centripetal force and the effective weight variations caused by the slug flow are seen to 
produce fluctuations of the effective tension. Variation in the true tension was 
originated mainly from the slug flow pressure fluctuation with minor influence from the 
slug flow momentum. 
The purpose of the second test case has been to identify the difference between 
the results from linear and non-linear calculations of the dynamic response in marine 
risers subjected to internal slug flow. The linear model is valid for small changes of 
effective tension and geometry. However, slug flow may lead to significant variations. 
The case study shows that the linear model will under predict the riser response. It is 
hence recommended to apply a non-linear model for riser dynamics in this type of 
simulations. 
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In the last test case, experimental validation of the numerical results for a fluid-
structure interaction problem was conducted. The experiment examined a transient slug 
flow through a catenary riser in a laboratory-scale model. The slug flow induced time-
variant loads on the riser from centripetal acceleration and traveling slugs. The response 
of the riser also influenced the development of the internal two-phase flow. A 
considerable increase in stress was noted in this test case due to the considerable 
increase in the true tension and bending moment. 
Although this work has attempted to explain the mechanics of the slug flow - 
riser dynamics interaction, each case/problem should be handled individually because 
this FSI is highly sensitive to flow rates, fluid physical properties, riser 
geometrical configuration and material properties (mainly axial and bending stiffness). 
8.2 Suggestions for further work 
The type of slug flow pattern originating in the tests was random hydrodynamic 
slugging. Investigation of the influence of severe slugging is recommended to attempt to 
generate periodic loads against the riser structure. Furthermore, a stochastic description 
of slug flow should be developed, and a slug spectrum could be applied in dynamic 
simulations to provide statistics predictions of fatigue and extreme responses. 
Integrated simulation of slug flow and riser dynamics is suggested for other 
marine riser configurations, i.e., lazy-wave and steep-wave risers. The global 
configuration will strongly influence the slug flow development, creating conditions for 
the generation of other types of slug flow, such as severe slugging. The significance of 
slug flow on riser fatigue may also vary from one case to another. Both riser geometry 
and character of internal flow are of importance. Similar analyses could also be 
conducted for pipelines on uneven terrain and in free spans. 
Oil, gas, water and solid particles are often present in the flow from wells to the 
production system. Hence, in a real offshore production, a more complex flow might be 
present. This type of analysis can be performed by improving the present two-phase 
flow code or replacing it with a more sophisticated commercial program for multiphase 
flow. It is also of interest to combine forces from slug flow with external hydrodynamic 
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forces from currents, waves and floater motions and thereby identify the significance of 
slug flow on the fatigue life of marine risers. 
The  present  models  for  slug  flow  and  riser  dynamics  are  limited  to  a  two-
dimensional geometry of the riser. Both models might be developed to handle three-
dimensional cases, which will make it possible to carry out more realistic simulations of 
risers and jumpers of arbitrary shape and environmental conditions. 
Finally it is suggested to include a slug flow model in a general software system 
for analysis of slender marine structures. Such a system has recently been developed by 
Marintek in Trondheim with the name SIMO. Software integration of this type will 
make it easy to carry out combined simulation of internal flow and riser dynamics, and 
take this effect into account when designing complex riser systems. 
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